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The aim of this study is to determine the behavior of relative expression of Bcl-2, caspase-8, caspase-9, and
caspase-3 genes of/in SK-MEL-3 cancer cells and explore molecular mechanisms responsible for the apoptosis
response during an in vitro photodynamic therapy (PDT) with Zinc Phthalocyanine (ZnPc) using diﬀerent doses
of the light source. In this study, ﬁrstly the cytotoxic eﬀects of ZnPc-PDT on SK-MEL-3 cells were evaluated. By
irradiating the laser, ZnPc induced a signiﬁcant amount of apoptosis on SK-MEL-3 cells in three IC50s including
0.064 ± 0.01, 0.043 ± 0.01, and 0.036 ± 0.01 μg/mL at the doses of 8, 16, and 24 J/cm2, respectively.
Moreover, ﬂow cytometry and QRT-PCR experiments were done. The high percentage of apoptotic cells was seen
in the early apoptosis stage. The expression of Bcl-2 and caspase-8 genes at all doses of laser experienced an
obvious reduction in comparison to the control group. On the other hand, although the expression of caspase-9
and caspase-3 genes remains almost constant at 8 J/cm2, but they faced an increment at 16 and 24 J/cm2 doses.
These data reveal caspase-dependent apoptosis in high and caspase-independent apoptosis in low doses of laser.
Based on the results of present work, it can be suggested that the dose of the light source is a key factor in
induction of caspase-dependent and caspase-independent apoptosis pathways following PDT.

1. Introduction
Photodynamic therapy (PDT) is a new approach for cancer treatment
with the minimum invasive eﬀect on non-cancer tissues, which functions
by exciting a non-toxic light-sensitive compound (photosensitizer) using
a laser light [1,2]. This therapy has been used to treat cancers including
head and neck [3], esophageal [4], bladder [5], liver [6], lung [7], breast
[8], brain tumors [9], Kaposi's sarcoma, oral cavity [10,11], skin [12],
prostate [13], the cervical [14], and gastrointestinal cancers [15] with
promising results in comparison to other cancer therapies.
The main problems of conventional cancer therapies including
chemotherapy, radiation therapy, hormone therapy, and surgery are
high toxicity, serious side eﬀects, and damage to the healthy tissues
[16]. Meanwhile, in PDT, photosensitizer delivery to the target tissues
and focused light source precisely on them, can limit cell damage in the
treated area and consequently reduce the damage inﬂicted to normal
tissue [17].

⁎

PDT itself consists of three main elements including photosensitizer,
harmless visible light, and reactive oxygen species (ROS) [18,19].
Among the factors inﬂuencing the eﬃciency of PDT, the photosensitizer
has a key role [20]. Owing to some predominant characteristics of
metal phthalocyanine (the second generation of photosensitizers) such
as high stability, high optical toxicity, low dark toxicity, strong absorption in phototherapeutic window (a wavelength range of 600 to
900 nm), high ROS production, and selective absorption by malignant
tissues, zinc phthalocyanine is considered among the most promising
photosensitizers used in PDT [21–24].
The photosensitizer can be placed within the organelles such as
mitochondria, lysosome, endoplasmic reticulum (ER), Golgi, and the
plasma membrane [25]. It has to be noted that the type of cell death
after PDT is highly dependent on replacement of photosensitizer inside
the cells due to the instability of reactive oxygen species (half-life from
1 to 4 microseconds and the radius migration of < 30 nm [26]) [27]. In
addition, the type of cell death also depends on photosensitizer, the
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675 nm; therefore, to match the wavelength light source with the
maximum absorption of ZnPc, a continuous wave diode laser (Shenzhen
Taiyong Technology, China) with a wavelength of 675 nm and 80 mW
output power at diﬀerent times including 20, 40, and 60 s (i.e., 8, 16,
and 24 J/cm2 laser doses, respectively) was utilized.

total delivered energy, the type of cells, and the applied protocol
[28–31].
Mechanisms of tumor destruction in the PDT include direct eﬀects
(direct damage to tumor cells via apoptosis/necrosis) and indirect effects (damage to the blood vessels supplying the tumor tissue and host
immune system activation against the tumor) [32]. PDT can induce
diﬀerent cell death mechanisms such as apoptosis/necrosis [33].
Apoptotic cell death mechanism is an ATP-dependent process [34],
activated by external stimuli such as TNF-α, Fas, and TRAIL or through
internal stimuli and mitochondrial signaling pathway [35,36].
In terms of morphology, features of apoptosis include mitochondrial
membrane permeability, condensation chromatin, fragmentation of
DNA, cell shrinkage, bubbled plasma membrane, the formation of
apoptotic bodies and exposed phosphatidylserine to the outer layer of
the plasma membrane. At the biochemical level, apoptosis is a caspasedependent phenomenon and various morphological changes in cells are
caused by caspases activity [37,38]. However, according to available
studies, caspase-independent apoptosis is also possible to occur. The
main mediator in the caspase-independent apoptosis is an apoptosisinducing factor (AIF) released from mitochondria. In caspase-independent apoptosis, morphology of the nucleus such as a part of
chromatin in nucleus is condensation without DNA fragmentation. This
feature is distinct from apoptosis, while many other features of apoptosis have maintained [39–42].
Cellular and molecular mechanisms of apoptosis induced by PDT are
highly complex and not fully known. Therefore, characterizing these
mechanisms leads to design better PDT protocols that widely enhance
its eﬀectiveness [25,43].
In this study, the eﬀectiveness of PDT on SK-MEL-3 cell line using
diﬀerent concentrations of Zinc-Phthalocyanine as a photosensitizer
and a diode laser with a wavelength of 675 nm is evaluated. The purpose of this study is to compare the eﬀects of diﬀerent laser doses on the
type of induced cell death and, ﬁnally, the analysis of cellular and
molecular mechanisms involved in this process.

2.4. PDT Treatment
For in vitro PDT, after reaching almost a 70% conﬂuency of cells in
the ﬂask, they were centrifuged, counted, and seeded in 96-well plates
with the number of 10,000 cells per well. Then, they were incubated
overnight (at 37 °C, 95% humidity, and 5% CO2). The examined cells in
this study were categorized into four diﬀerent groups. The ﬁrst group,
speciﬁed as the control group, received neither ZnPc nor laser. The
second group was treated only with diﬀerent concentrations of ZnPc
without laser irradiation. The third group, deﬁned as laser control
group, was exposed to diﬀerent doses of the laser (8, 16, and 24 J/cm2)
in the absence of ZnPc. The ﬁnal group received both ZnPc and laser
exposure.
To carry out the examinations, ﬁrstly, the second and fourth groups
were incubated with diﬀerent concentrations of ZnPc in the total dark
condition. After 24 h, all the wells were rinsed with PBS. Next, the cells
in the groups three and four were exposed to the laser with three different doses in a dark room and eventually incubated for 24 h at 37 °C,
95% humidity, and 5% CO2.
2.5. MTT Assay
According to our previously reported article [1] and with slight
changes, cytotoxic eﬀects of PDT treatment with ZnPc were investigated using methylthiazole tetrazolium kit (MTT assay, Sigma). In
brief, 24 h after laser irradiation, 50 μL of MTT solution (2 mg/mL in
PBS) was added to each well and incubated at 37 °C for 4 h. This process led to metabolize of the MTT to formazan crystals by the succinatetetrazolium reductase system active only in viable cells. To dissolve the
insoluble formazan crystals, 200 μL DMSO was added to each well and
incubated for 20 min. Eventually, optical density (OD) of each well was
measured at the wavelength of 570 nm using an ELISA reader (Sunrise
ELISA Plate Reader, Tecan, Salzberg, Austria). All the tests were done in
dark condition and repeated three times. To obtain the percentage of
viable cells in each well, the following formula was used.

2. Materials and Methods
2.1. Cell Culture
The SK-MEL-3 cell line was purchased from the Pasteur Institute
(Tehran, Iran). Firstly, the cells were cultured in Roswell Park Memorial
Institute (RPMI) 1640 medium containing 10% fetal bovine serum (FBS,
Gibco, USA) and antibiotics (100 IU/mL penicillin, 100 μg/mL streptomycin) (Gibco, USA). Consequently, cells were incubated at 37 °C in
5% CO2 and 95% humidity until they reached a 70% conﬂuency. The
passage number of cells were 3 for all experiments.

Cell viability (%) = (OD of sample OD of control) × 100
2.6. DAPI
The changes in the cell nucleus morphology characteristic of
apoptosis were examined by citation 5 system (Biotek, USA) of DAPIstained cells. The SK-MEL-3 cells were seeded 5000 cells per well in a
96 well culture plate. After 24 h, PDT treatment with ZnPc was performed on three previously introduced groups. The cells were ﬁxed
with 4% paraformaldehyde for 10 min. The plate was washed twice for
3 min with PBS. Next, the cells were permeable by 0.1% Triton-X-100
for 10 min. Then, after washing three times, the cells were stained with
0.15% DAPI in PBS for 10 min at room temperature (18–20 °C) in the
dark. Triplicate random ﬁelds were chosen for the experiment.
Subsequently, a ratio of the cells showed some evidence of apoptosis.

2.2. Photosensitizer
Zinc phthalocyanine (ZnPc) was purchased from Sigma-Aldrich
(USA). Since ZnPc is strongly hydrophobic, dimethylsulfoxide (DMSO)
was used to make ZnPc dissolve in the culture medium [44]. The stock
solution of ZnPc (5 μg/mL) was prepared using DMSO and RPMI1640
(Gibco, USA) and then sonicated in a sonicator (bath type, Elma
transonic T420, Germany). The total concentration of DMSO in the
stock solution was reached 2% (v/v) in RPMI1640. In other words,
ZnPc was ﬁrstly dissolved in DMSO by sonication, and then gradually
added to RPMI-1640 medium until the ﬁnal concentration of ZnPc
reached 5 μg/mL including 2% (v/v) DMSO. All the concentrations
(0.00001–5 μg/mL) tried in the experiments were diluted using
RPMI1640. It is worth mentioning that ZnPc has a weak absorption
peak at 345 nm and a strong one at 675 nm [1,45].

2.7. Detection of Apoptosis/Necrosis by Annexin-V-FLUOS Staining
The apoptosis/necrotic percentages of cells after PDT treatment in
three obtained IC50s were examined using Annexin-V-FLUOS staining
Kit (Roche, Germany). Shortly, 24 h after the treatment of SK-MEL-3
cells with PDT, cells were washed twice with PBS and centrifuged.
Afterward, the suspended cells were stained with 1 μL Annexin and 1 μL
PI and incubated again in the dark for more 15 min. At last, cell

2.3. Light Source
As stated above, the strong absorption peak of ZnPc is indexed at
63

Journal of Photochemistry & Photobiology, B: Biology 176 (2017) 62–68

M.A. Doustvandi et al.

apoptosis/necrosis was detected and analyzed using ﬂow cytometry
(MacsQuant Analyser, Miltenyi Biotech, Germany).

cytotoxic eﬀects on SK-MEL-3 cells. The lack of PS toxicity in the dark
and the harmlessness of light source are the primary points in PDT [46].
However, the excited ZnPc in the account of laser irradiation led to a
concentration-dependent cell death (1C, 1D, 1E). The IC50 values of
ZnPc for SK-MEL-3 cells in three doses of laser 8, 16, and 24 J/cm2 were
0.064 ± 0.01, 0.043 ± 0.01, and 0.036 ± 0.01 μg/mL (Table 2),
respectively. Based on the obtained IC50s at low concentrations, it is
turned out that the ZnPc phototoxic activity was highly dependent on
ZnPc concentration. Thus, the obtained cytotoxic and phototoxic results
were an evidence to prove the high performance of ZnPc at low concentrations during PDT in the SK-MEL-3 cell line, indicating the great
eﬀectiveness of the treatment with minor invasive impacts.

2.8. Real-time Quantitative PCR
To make the results more convincing, Real-time tests were performed by taking the following steps: First, total-RNA extraction of the
PDT pre-treated cells (at three obtained IC50s) was done using GeneAll
(Korea) kit according to the manufacturer's protocol. Second, mRNA
was converted to cDNA by PrimeScript Reverse Transcriptase and oligo
dT primer using cDNA synthesis kit (TAKARA, Japan) according to the
manufacturer's protocol. The QRT-PCR method was applied to measure
the mRNA expression levels of caspase-9, -8, -3 and Bcl-2 using SYBR
Premix (Ampliqon, Denmark) and Light Cycler system (Roche, Roche
Diagnostics). The reaction system of PCR includes 5 μL SYBR Green
reagent, 0.25 μL of each 4 pmol primers, 0.5 μL cDNA template, and
4.25 μL nuclease-free distilled water. Prior to use, all pair primer sequences used in this study were blasted according to primer-blast
software available on NCBI website (http://www.nchi.nlm.nih.gov).
The primer sequences used for Bcl-2, caspase -8, -9, -3, and GAPDH
genes are shown in Table 1. GAPDH was used as the reference gene. The
relative levels of gene expression were calculated using the 2− ΔΔCt
method. All QRT-PCR reactions were carried out triplicate.

3.2. Apoptosis/Necrosis of SK-MEL-3 Detection by ZnPc After Irradiation
PDT can lead to induction of apoptosis or necrosis [25,47]. Utilizing
low doses of laser and low concentrations of PS in PDT are prominent
factors to induce apoptosis in the cells [30,48–50]. Also, a shorter ZnPc
incubation time causes a high rate of necrosis [43]. Such a high rate
explains why we use the low doses of the laser, low concentrations and
long incubation time of ZnPc to have the maximum ratio of apoptosis
and minimum necrosis. To understand if apoptosis is the major event
after PDT with ZnPc, DAPI staining was performed. The cells with nuclear fragmentation in DAPI staining correspond for apoptosis induced
cells (Fig 2).
As shown in Fig. 3, ﬂow cytometry results represented that the
untreated control cells, primarily incubated by FITC and PI, were approximately viable and no apoptosis and no necrosis occurred. Meanwhile, after treatment with PDT in three doses four groups including
viable cells (FITC and PI negative), necrosis (FITC negative and PI positive), cells undergoing early apoptosis (FITC positive and PI negative),
and cells in the late stage of apoptosis (FITC and PI positive) appeared.
As a result, we can conclude that PDT with ZnPc can induce a high level
of apoptosis in treated cells and keep the ratio of necrosis negligible
(< 1%). In other words, the high percentage of apoptotic cells were
seen in the stage of early apoptosis 24 h after PDT. Therefore, it might
be right if we say that the initial damage site of PDT is not mitochondria. Because if PDT damaged mitochondria, the apoptosis process
would have quickly happened by losing the whole of the mitochondrial
membrane as soon as the photodynamic stress was imposed. Likely,
based on the available studies, the slow process of apoptosis induction
after PDT is due to the localization of ZnPc in lysosomes or plasma
membrane [51].

2.9. Statistical Analysis
Data were analyzed via GraphPad Prism version 3 statistical software. All values are expressed as means ± standard deviation (SD)
and all analyses have been repeated at least three times. Student's t-test
and ANOVA were used to determine the statistical signiﬁcance of differences between groups. Diﬀerences with a p value < 0.05 were
considered to be signiﬁcant.
3. Results and Discussion
According to studies, after PDT, diﬀerent intracellular signals may
be activated, determining the death or survival of cancer cells. As
mentioned before, activation of these signals depends on the cell type,
genetic, metabolic potentials, used protocol, the total amount of energy
delivered to the system, type of PS, and the intracellular localization of
PS [28–31]. Nowadays, an eﬀective treatment of cancer not only corresponds to the high death rate of cancer cells but also is pertinent to
the death type. The induced apoptosis as a programmed cell death is the
core of all research in cancer treatments.

3.3. Caspase-8, -9, -3 and Bcl-2 Genes Expression by PDT With ZnPc

3.1. Cytotoxicity Eﬀects of ZnPc and Light Source on SK-MEL-3 Cell Line

Accordingly, in this study, we examined the molecular mechanisms
responsible for induction of apoptosis. Interactions of death receptors
such as Fas and tumor necrosis factor (TNF) with their ligands on the
cell surface led to activation of initiator caspase-8 that consequently
contributed to the activation of executioner caspase-3 and triggering
the extrinsic pathway apoptosis [52]. The Bcl-2 protein is an antiapoptotic member of the Bcl-2 family. This protein has an important
role in preserving the integrity of mitochondria by blocking the outer
mitochondrial membrane channels [25]. In the case of inhibition of Bcl2 protein and mitochondrial outer membrane permeability, cytochrome
C is released and causes the formation of apoptosome complex that
leads to the activation of initiator caspase-9, activation of executioner
caspase-3, and triggering the intrinsic pathway apoptosis [53].
Hence, in this study, the changes in the expression of Bcl-2 encoding
gene were examined, followed by investigating the relationship between induced apoptosis and the activity of caspase-8 and -9 and their
role in activation of caspase-3. In this regard, the changes in the expression of this gene were assessed using QRT-PCR 24 h after PDT. The
analysis of QRT-PCR results is illustrated in Fig. 4.
While plasma membrane was the initial damage site of PDT, the

The eﬀects of diﬀerent concentrations of ZnPc and three doses of the
laser on SK-MEL-3 cell line were evaluated. The obtained data (Fig. 1)
shows that in the absence of light (1A), ZnPc had no palpable eﬀects on
cells. Similarly, laser exposure with no ZnPc (1B) did not leave any
Table 1
Primers sequences.
Genes

Primer sequences

Bcl-2

Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse

Caspase-8
Caspase-9
Caspase-3
GAPDH

5′
5′
5′
5′
5′
5′
5′
5′
5′
5′

CCTGTGGATGACTGAGTACC 3′
GAGACAGCCAGGAGAAATCA 3′
GGTCTGAAGGCTGGTTGTTC 3′
AATCTCAATATTCCCAAGGTTCAAG 3′
CCGGAATCCTGCTTGGGTATC 3′
CATCGGTGCATTTGGCATGTA 3′
TGTCATCTCGCTCTGGTACG 3′
AAATGACCCCTTCATCACCA 3′
CCTCGTCCCGTAGACAAAA 3′
AATCTCCACTTTGCCACTG 3′
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Fig. 1. Cytotoxic eﬀects of ZnPc (with or
without irradiation) and light source on
SK-MEL-3 cell line: (A) The cell viability
in presence of 0, 0.00001, 0.0001, 0.001,
0.01, 0.025, 0.05, 0.075, 0.1, 0.5, 1, 2.5,
and 5 μg/mL of ZnPc without irradiation
for SK-MEL-3 cells; (B) The eﬀect of irradiation of 8, 16 and 24 J/cm2 laser dose
on SK-MEL-3 cells without ZnPc. The
viability of SK-MEL-3 cells after incubation with diﬀerent concentration of ZnPc
(0 to 5 μg/mL) for 24 h and exposing to
laser at (C) 8, (D) 16, and (E) 24 J/cm2.
The results are expressed as mean ± SD
(n = 3);
*p < 0.02,
**p < 0.0001
versus control.

apoptosis probably is associated with activation of caspase-8 [54,55].
Subsequently, the activation of caspase-8 led to cytochrome C release,
caspase-3 activation, and apoptosis induction [56]. It was also reported
that if ZnPc is mainly localized in the lysosome, the probability of activation of caspase-8 through death receptors was not likely to happen
[52]. Accordingly, in this study, the gene expression changes of caspase-8 were studied. Upon to the results of QRT-PCR, it is obvious that
the gene expression of caspase-8 in three investigated doses reduced in
comparison to control group; thus, the induced apoptosis does not occur

Table 2
IC50 values in diﬀerent doses of laser.
Doses of laser (J/cm2)

IC50 values (μg/mL)

8 J/cm2
16 J/cm2
24 J/cm2

0.064 ± 0.01
0.043 ± 0.01
0.036 ± 0.01

Fig. 2. The apoptotic cell death in skin cancer
cells as a result of exposing ZnPc to the laser. The
cells with nuclear fragmentation in DAPI staining
(A) control (untreated cells), (B) 8, (C) 16, and
(D) 24 J/cm2.
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Fig. 3. Apoptosis and necrosis eﬀects on SK-MEL-3 induced by PDT: (A) control (untreated cells); cells were incubated with (B) 0.064, (C) 0.043, and (D) 0.036 μg/mL ZnPc for 24 h and
exposed to light dose (B) 8, (C) 16, and (D) 24 J/cm2, respectively. (E) induction of apoptosis or necrosis by ZnPc-PDT by ﬂow cytometry Annexin V/PI analyzed 24 h post-PDT. After
treatment with PDT in three doses, there were four groups including viable cells (Annexin V−/PI −), necrosis cells (Annexin V−/PI+), early apoptosis (Annexin V+/PI−), and late
apoptosis (Annexin V + and PI +) compared with the untreated controls.

causes lysosomal membrane to be permeable and to leakage of lysosomal enzymes including cathepsins into the cytoplasm. Cathepsin induces Bid activation and thereby the death signal is transmitted from
the lysosome to mitochondria, leading to apoptosis [51,57]. Bid protein
inhibits Bcl-2 proteins. Hence, as results show, the expression of Bcl-2 in
all three doses reduced compared to the control group, which was an

through the extrinsic pathway. Also, the slow process of apoptosis induction might be because of ZnPc localization in the lysosome, not
plasma membrane. If the PS mainly be located in the lysosome, the
caspase-dependent or caspase-independent apoptosis after PDT would
be observed [34,58] and the apoptosis pathway begins with a slow rate
through the mitochondrial pathway. So, the photodamage of lysosome

Fig. 4. The eﬀect of ZnPc-PDT on Bcl-2 and caspase8, -9, -3 gene expression. SK-MEL-3 cells were incubated 24 h with 0.064, 0.043, and 0.036 μg/mL of
ZnPc and exposed to light dose of 8, 16, and 24 J/
cm2, respectively. The mRNA Relative expression of
(A) Bcl-2, (B) Caspase-8, (C) Caspase-9, and (D)
Caspase-3 measured by QRT-PCR using 2(− ΔΔCt)
method. The results are expressed as mean ± SD
(n = 3). **p < 0.001, *** p = 0.0001 and
****p < 0.0001 versus control.
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indication of anti-apoptotic agent inhibition. Consequently, the loss of
mitochondrial membrane integrity occurs [52].
Following by examining and comparing the changes of caspase-9
and -3 gene expression at three doses, it was found that apoptosis was
induced in two doses (16, 24 J/cm2) by activation of caspase-9 and
subsequently caspase-3. But, in the dose of 8 J/cm2 none of the initiator
and executioner caspases were activated; thus, in this dose of PDT, the
apoptosis was probably caspase-independent. In addition to the classic
pathway of caspase-dependent apoptosis, in some cases, damage to the
lysosome can lead to caspase-independent apoptosis. In caspase-independent apoptosis, the lysosomal enzymes inﬂuenced the Bid protein
and ultimately transmitted the death signal to mitochondria. One of the
contents released from the mitochondria was AIF that, contributing
calpain-like protease, induced the caspase-independent apoptosis [34].
The importance of caspase-independent apoptosis is due to lysosome
damage, particularly in cancer cells. Although some cancer cells may
have blocked the classic apoptosis pathways (due to genes mutation
involved in apoptosis), apoptosis can be still induced in these cells by
damage to the lysosome.
At the ﬁrst glimpse, it may seem that the impact of utilizing different doses of laser in the present study on the amount and type of cell
death is imperceptible. However, examinations and thorough investigations in comparing the activated molecular pathways in three
diﬀerent laser doses unveiled the considerable role of diﬀerent laser
doses in activation of diﬀerent molecular pathways in treated cells. On
this basis, we can understand the complexity of PDT parameters' eﬀects
on the intracellular signals. However, further studies and investigations
are highly recommended in this ﬁeld.
4. Conclusion
In the present study, apoptosis inducer molecular pathways during
PDT were examined with three diﬀerent laser doses and ZnPc diﬀerent
concentrations on the SK-MEL-3 cancer cells. According to the obtained
results, the started slow apoptosis pathway was due to the localization
of ZnPc, mainly, within the lysosome. As a result of ZnPc positioning in
the lysosome, caspase-dependent or caspase-independent apoptosis
were induced, within which the high doses of laser caused caspasedependent apoptosis, while low doses of laser caused the caspase-independent apoptosis. Therefore, the applied laser doses had a predominant role in determining the both type of apoptosis molecular
pathways. However, the molecular mechanisms and other apoptosis
inducer factors during PDT are very intricate and not fully known yet;
and so more studies are needed in this regard.
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